η 3 -Allyl palladium complexes are key intermediates in Tsuji-Trost allylic substitution reactions. It is well known that (η 3 -1-aryl-3-alkyl substituted allyl)Pd intermediates result in nucleophilic attack at the alkyl substituted terminus. In contrast, the chemistry of (η 3 -1,2,3-trisubstituted allyl)Pd intermediates is relatively unexplored. Herein we probe the regioselectivity with 1,2,3-trisubstituted allylic substrates in Tsuji-Trost allylic substitution reactions. DFT investigation of cationic (η 3 -1-Ph-2-B(pin)-3-alkyl-10 allyl)Pd(PPh 3 ) 2 intermediates predict that nucleophilic attack should occur preferentially on anti-allyls rather than the syn-isomers to generate benzylic substitution products under Curtin-Hammett conditions. Experimentally, systematic studies with 1,2,3-trisubstituted allylic substrates revealed that a Linear Free Energy Relationship (LFER) is observed when Charton steric parameters of the C-2 substituents are plotted against log of the ratio of regioisomers. Bulkier C-2 substituents in 1,2,3-trisubstituted η 3 -allyl 15 palladium intermediates provide stronger preference for nucleophilic attack at anti-oriented benzylic termini. Additionally, the geometry of 1,4-elimination products supports the presence of anti-allyl palladium intermediates.
Introduction
Transition metal catalyzed allylic substitution reactions are 20 among the most powerful synthetic methods in organic chemistry. 1, 2 In particular, the palladium catalyzed Tsuji-Trost reaction has become an efficient method to construct carboncarbon and carbon-heteroatom bonds. 1b,1c,2b,3 One of the most interesting and challenging aspects of allylic substitutions is the 25 control of regioselectivity. 1a,1b,4 The regioselectivity of the palladium catalyzed allylic substitution reaction depends on several parameters 1a,4b,4c including: the nature of ligand, solvent, counter anion, leaving group, nucleophile, base, allyl fragment, and additives. 2f,3a,5 30 The mechanism of the Pd-catalyzed allylic substitution has been well investigated. Initial coordination of the allylic substrate at the double bond is followed by attack of palladium(0) on the C-O σ*-orbital of the leaving group, generating a cationic (η 3 -allyl)PdL n intermediate. Stabilized anionic nucleophiles 35 directly attack the η 3 -allyl terminus. 6 The overall process occurs with a net retention of configuration (via a double inversion pathway). 1b,1c,7 For unsymmetrical (η 3 -allyl)Pd intermediates, attack can occur at either of the termini, giving rise to regioselectivity issues. Another complicating factor of η 3 -allyls 40 bearing terminal substituents is the possibility of syn-anti isomerization, as shown in the center of Scheme 1. 8 This isomerization can be fast, with all of the isomeric substrates feeding into the (η 3 -allyl)Pd manifold and giving rise to the same product distribution (Scheme 1). 9 45 However, if the isomerization is slow relative to nucleophilic attack, 10 or in the presence of chiral 11 or electronically differentiated 12 ligands, the reaction can show strong memory effects. Under conditions of slow isomerization, nucleophilic attack has a strong preference for reaction at anti-oriented 50 termini. 13 In the absence of memory effects, the regioselectivity is largely dependent on the steric and electronic nature of the terminal η 3 -allyl substituents. 4b,4c In general, nucleophilic attack will occur at the allylic terminus with the highest partial positive charge. 14 particular with strongly electron withdrawing groups. 1b,3a,15 It is possible to influence the regioselectivity to some extent by controlling the steric bulk of the ligands. 13, 16 In these cases, the preferred regio-and stereo-selectivity can be understood in terms of distortion of the (η 3 -allyl)Pd intermediate. 16-17 5 Previous mechanistic investigations have mostly focused on substrates giving rise to mono-or 1,3-disubstituted (η 3 -allyl)Pd intermediates. 1b,18 In general, 1-aryl-3-alkyl-substituted (η 3allyl)Pd complexes have a strong preference for nucleophilic attack at the alkyl-substituted terminus, yielding conjugated 10 products. [16] [17] 19 This preference can be further increased by utilization of ligands to force the alkyl substituent into the more reactive anti-configuration (Scheme 1). 13, [16] [17] Our interest in trisubstituted (η 3 -allyl)Pd intermediates grew out of methods we developed for the synthesis of 2-B(pin)-15 substituted allylic acetates and related compounds. 20,21 At the outset of our studies, we demonstrated the ability of 2-B(pin)substituted allylic acetates to successfully undergo the Tsuji-Trost allylic substitution reaction. 21 In the meantime, a few methods with boron-substituted allyls have been reported in allylic 20 substitution reactions (Scheme 2). 21, 22 Before our preliminary results (Scheme 2D), 21 however, no prior examples of allylic acetates containing a boron at the 2-position were employed in transition metal-catalyzed allylic substitution reactions, although some examples of 3-boron substituted analogs had been 25 generated or proposed as intermediates. 22 As inferred by Scheme 2D, 21 2-B(pin) substituted allylic acetates are expected to generate (η 3 -1-aryl-2-boryl-3-alkyl-allyl) palladium intermediates. Contrary to aliphatic substitutions, 16 however, nucleophilic attack occurred at the benzylic position 30 with very high selectivity (Scheme 2D). In general, products derived from benzylic attack of (η 3 -1-aryl-3-alkyl-allyl)palladium intermediates are the minor isomer. 16-17,19a-d Herein, we have undertaken an experimental and computational investigation of cationic (η 3 -1-phenyl-2-B(pin)-3-alkyl-allyl)Pd(PPh 3 ) 2 and 35 related intermediates.
We present a systematic substrateselectivity study to elucidate the origin of the unusual selectivity in allylic substitutions with cationic (η 3 -1,2,3-trisubstituted allyl) palladium intermediates. 40 
Scheme 2.
Metal Catalyzed Allylic Substitution of Borylated Allylic Acetates and Carbonates
Results and discussion
A fundamental unanswered question in the Tsuji-Trost allylic 45 substitution reaction with 1,2,3-trisubstituted allylic acetates is: What is the impact of the 2-substituent on the regioselectivity of nucleophilic attack? This question emerged as we explored palladium-catalyzed allylic substitution of 2-B(pin)-substituted allylic acetates, and inspired us to investigate this topic. 50 2.1. Reactions of 2-B(pin)-Substituted Allylic Acetates with Palladium Catalysts.
We recently communicated 21 the palladium-catalyzed allylic substitution reaction employing 2-B(pin)-substituted allylic acetates (1, Table 1 ). In our initial study, we were surprised to find that the 2-B(pin) group plays a 55 decisive role in determining the regioselectivity of nucleophilic attack. For example, 2-B(pin)-substituted allylic acetate 1a underwent substitution with sodium dimethylmalonate to furnish 2-B(pin)-substituted allylic alkylation product 2a with excellent regioselectivity (>90:10) in 79% yield (Table 1, entry 1). 60 Analogous reactions with electron withdrawing or donating substituents on the aryl groups (1b and 1c) provided the benzylic substitution products (2b and 2c) with excellent regioselectivity (>95:5) in 92 and 80% yield, respectively (entries 2 and 3). It is noteworthy that isomeric 2-B(pin)-substituted allylic acetates 1a 65 and 1d underwent substitution to afford the same product, 2a, with nearly identical regioselectivities (entries 1 vs. 4). This result clearly demonstrates the absence of regiochemical memory effects. 10 Allylic acetate 1d, however, afforded diminished yield of the substitution product (51%, entry 4) relative to 1a (79% 70 yield). Primary and secondary amines also participated in allylic substitution reaction to give similar regioselectivities (>90:10) by 5 nucleophilic attack at the benzylic position. 21 We were concerned that the 3-n-butyl substituent might adopt a conformation 180° opposite the palladium center and hinder nucleophilic attack at the 3-position ( Figure 1 ). To remove any potential conformational issues caused by the 3-n-butyl 10 substituent, 2-B(pin)-substituted allylic acetate 1e, with a smaller 3-methyl substituent in place of the n-butyl group of 1a, was prepared (see Supporting Information for details). Interestingly, 1e also provided benzylic substitution, affording 2e with excellent regioselectivity (>95:5) in 70% yield (entry 5). As 15 outlined in Table 1 , the 1-aryl-2-B(pin)-3-alkyl η 3 -allyls showed a strong preference for nucleophilic attack at the benzylic site, in contrast to the observed regioselectivity in Tsuji-Trost allylic substitution reactions with 1-aryl-substituted η 3 -allyl intermediates. 19a-c,19e The unique regioselectivity of 2-B(pin)-20 substituted allylic acetates makes them potentially valuable in synthesis. The factors that control the regioselectivity with 2-B(pin)-substituted allylic acetates, however, are unclear. This is the subject of the following section.
Computational Analysis.
Many different computational 25 methods have been used to investigate the reactivity of (η 3allyl)Pd complexes. 23 In these calculations it is found that the transition state is unusually sensitive to the nature of the solvent employed. 24 To minimize such solvent related issues, we employ a neutral model nucleophile (ammonia) reacting with a cationic 30 (η 3 -allyl)Pd(PPh 3 ) 2 complex to yield a cationic allyl ammonium product coordinated to a neutral Pd 0 (PPh 3 ) 2 moiety. This procedure maintains the overall charge, minimizing computational artifacts arising from imperfect solvation of complexes with different charges. 12 All calculations were 35 performed in Jaguar 25 with B3LYP-D3, which uses the dispersion-correction of Grimme and co-workers 26 together with the classical B3LYP functional. 27 We utilized the LACVP* basis set 28 and PBF solvation 29 with default parameters for THF.
We located the approximate "transition states" by scanning the 40 forming C-N bond distance while relaxing all other coordinates in the presence of the continuum solvent. This technique has been successful for very similar systems, 30 and is expected to yield final transitions state energies within a few kJ mol -1 of the expected fully converged values. 31 The final structures were also 45 subjected to traditional transition state searching, but numerical component in solvated Jaguar calculations makes the energy surface discontinuous with small bumps that tend to negatively impact the transition search algorithm. The energy profile is also unusually flat, with changes of only a few kJ mol -1 over a 0.2-0.3 50 Å span in reaction coordinate (here taken as the forming C-N bond distance). Thus, the transition state search results differed depending on the starting point, by up to 4 kJ mol -1 . Furthermore, the final frequency calculation always yielded 2-3 additional imaginary frequencies, with wavenumbers up to 31 55 cm -1 . However, the reaction coordinate was always well defined, with imaginary frequencies in the range 106-207 cm -1 , and on visualization, this vector always corresponded well with the expected attack of the nucleophile on an allyl terminus. Qualitatively, the results from the full TS searches and the scans 60 were the same, and numerically, the final energies were within a few kJ mol -1 from each other. Due to the uncertainty in the former, the energies reported herein come from the scan approach. All transition states were fully validated by QRC 65 calculations. 32 For the scans, the QRC was implemented by minimizing the end points on the scan and verifying that they corresponded to pre-reactive complex and an allyl ammonium complex, respectively. For the results from the TS searches, the starting points for the minimizations were constructed by 70 distortion along the Cartesian eigenvector corresponding to the reaction coordinate, scaled by 0.3. It has been previously demonstrated that the regioselectivity in Pd-catalyzed allylic substitution can be rationalized by considering the geometry of the intermediate η 3 -allyl palladium 75 complex, 16 and in particular the steric constraints along the path of the incoming nucleophile. 17 This rational has been successfully applied to both mono-and 1,3-disubstituted η 3 -allyl complexes, the latter including a highly relevant cationic (η 3 -1phenyl-3-methyl-allyl)PdL 2 intermediate. 17 Steric interactions 80 between the ligand and allyl moieties caused a rotation of the allyl towards a product-like conformation. Such a rotation could selectively elongate one Pd-C bond, thereby increasing its reactivity. Both of these factors are known to influence the regioselectivity of the nucleophilic attack. 17 We are unaware, 85 however, of previously considered cases in which the regioselective benzylic attack dominates.
We therefore calculated the structures of intermediates for a few model systems to rationalize the observed behavior. To avoid extensive conformational searching, we performed the computational study 90 on the smallest relevant system, cationic (η 3 -1-Ph-2-B(pin)-3-Me-allyl)Pd(PPh 3 ) 2 .
We first considered three possible intermediates (Figures 2 and  3 ). In the absence of ligand-allyl interactions, the dominant structure-determining factor in (η 3 -allyl)Pd complexes is 95 the repulsion between the substituent and Pd. Due to the tilt of η 3 -allyl moiety, an anti-substituent is much closer to Pd than a syn-substituent, as can be seen in representative X-ray structures with both syn and anti aryl moieties. 33 Measuring the distances from Pd to the aryl substituent ipso-carbons, the anti-100 aryls are closer to Pd by ca. 0.3 Å, and are clearly within the repulsive region. For this reason, unencumbered complexes almost exclusively prefer the less encumbered syn configuration. However, the preference can be shifted by ligands that protrude into the η 3 -allyl coordination plane. For example, 2,9-dicyano-105 1,10-phenanthroline, which selectively interferes with syn-methyl groups in crotyl complexes, shifts the preference to anti. 13 The last important interaction is the repulsion between a 2-substituent and a syn-substituent. There are X-ray structures showing the anti preference of alkyl groups in such complexes. 13 For aryl groups, the preference for syn isomer is stronger; the syn-aryl is much more in the allyl plane, and therefore better conjugated to the η 3 -allyl. Phenyl groups in anti position also suffer from a severe 1,3-allylic strain with the hydrogen in the opposing 5 position, causing the aryl to rotate and further reduce conjugation. Thus, anti-allyl groups are virtually only observed in (η 3 -1,1diphenyl allyls), where one of the phenyls must be anti. It is from such structures we can see the interactions in X-ray (mostly 1,1,3-triphenyl). 34 Togni has suggested that a phenyl that can 10 adopt the syn or anti position, prefers anti when a very hindered ligand is employed. 34 Moreover, Faller and co-workers generalized that steric factors of substitutions on allyl moieties can change the ratio of syn and anti isomers in cationic (η 3 -1,2disubstituted allyl)Pd and (η 3 -1,2,3-trisubstituted allyl)Pd 15 intermediates. 35 Their studies demonstrate that bulky substitution on C-2 can force generation of the anti-allyl palladium intermediate. Additionally, the anti geometry of the (η 3 -1-B(pin)-2-Ph-allyl) palladium complex was isolated by Yoshida and co-workers. 36 Therefore, 1-syn-3-anti INT-3 ( Figure 2) is 20 considered the most stable intermediate, whereas 1-anti-3-syn INT-2 is less stable than 1-syn-3-syn INT-1.
Next, we performed the calculation of transition states. The initial results using the 1-syn-3-syn INT-1 indicated attack distal to the C-1-aryl group to be favored through TS-2 by 4 kJ mol -1 25 over attack at the benzylic position through TS-1 (Figures 2 and  3) . We, therefore, broadened our calculation to include attack on 1-anti-3-syn INT-2 and 1-syn-3-anti INT-3 via TS-3 and TS-4, respectively. A Curtin-Hammett scenario should be considered in this reaction. It is known that (η 3 -allyl)Pd intermediates can 30 rapidly equilibrate before the addition of nucleophile. 9 This is important in most enantioselective allylic substitution reactions. 5, 37 If the rate of isomerization among INT-1, INT-2, and INT-3 is fast, the more reactive INT-2 will predominantly lead to TS-3 instead of TS-4 to afford the benzylic substitution 35 product 2. Surprisingly, despite the higher energy of 1-anti-3-syn INT-2, attack at the anti-position of 1-anti-3-syn INT-2 was found to be favored, with a free energy of activation of only 47 kJ mol -1 relative to 1-syn-3-anti INT-3 and leading to the observed major product. The next lowest path was attack at the anti- 40 configured position of 1-syn-3-anti INT-3 through TS-4, leading to the minor product. This pathway is only 6 kJ mol -1 higher in energy than TS-3. It is well established that anti-complexes are more reactive than syn-complexes toward nucleophilic attack. 10d, 13 One reason for this is that, in general, the syn- 45 substituent is pushed away from the metal, into the path of the nucleophile. This ground state affect is more severe in the presence of a 2-substituent and raises the energy of attack at the syn-substituted carbon, as reflected in Figure 3 .
In transition states TS-1 and TS-3 (Figures 2 and 3) , the 50 distances between the ammonia nucleophile and C-1 is 2.72 Å in TS-1 vs. 2.87 Å in TS-3. For the small NH 3 nucleophile, there is little repulsive interaction, however, larger nucleophiles will encounter more severe steric interactions in the TS. A more important effect arises upon elongation of the Pd-C bond in the 55 TS. This elongation alleviates the repulsion between Pd and an anti-substituent. In contrast, the rehybridization on nucleophilic attack pushes the syn substituent down into the ligand, resulting in destabilization. Furthermore, the conjugation penalty that was found for 1-anti-3-syn INT-2 is much less severe in TS-3, 60 because most of the penalty has already been paid in formation of the anti-isomer (the aryl ring is rotated away from the plane of the allyl to avoid clashing with the anti-hydrogen at C-3). These combined effects lead to a drastic lowering of barriers to attack at anti-positions (TS-3 and 4) compared to syn-positions (TS-1 and 65 2), such that the energy for the anti-addition TS is lower despite the preceding intermediate being high in energy (Curtin-Hammett principle). The calculated 6 kJ mol -1 difference is similar to the observed >20:1 regioselectivity, which would correspond to ca. 8 kJ mol -1 difference in allylic alkylation reaction (Table 1) with a 70 malonate nucleophile. It is in even better agreement with the ~10:1 regioselectivity that corresponds to ca. 6 kJ mol -1 in allylic amination reaction (Scheme 3). It is also important that allylic substitution products with the (Z)-olefin geometry have not been detected in any of experiments 75 outlined here. This clearly shows that any anti,syn-complexes are attacked exclusively at the anti-position, and also that anti,anticomplexes do not play a role in this chemistry, in good agreement with earlier studies. 10d,13,16-17 To determine the generality of the conclusions drawn from the unusual regioselectivity with 2-B(pin)-substituted allylic acetates, we prepared a series of 1,3-di-and 1,2,3-trisubstituted allylic acetates 10 and carbonates. The stereodefined di-or trisubstituted allylic acetates and carbonates synthesized for this study include the parent derivatives, bearing a 2-hydrogen (1f and 1g) , and the 2methyl (1h and 1m) , 2-n-butyl (1i), and 2-cyclohexyl (1j-l) derivatives (Chart 1). The synthesis of these compounds is 15 described in the Supporting Information. We conducted the allylic substitution reactions with the substrates in Chart 1 under the condition in Table 1 . The results of this study are presented in Table 2 . When subjected to catalyst generated from 10 mol % Pd(OAc) 2 /20 mol % PPh 3 with 3 equiv 20 of NaCH(CO 2 Me) 2 at 40 °C the parent allylic acetate 1f (G = H) cleanly underwent allylic substitution with nucleophilic attack distal to the aryl group with high regioselectivity (10:90) in 85% yield (Table 2, entry 1). As a control experiment, we employed the isomeric allylic acetate 1g, which resulted in formation of the 25 same allylic substitution product 3f with very similar regioselectivity (9:91) in 95% yield (entry 2), confirming the absence of memory effects in this system. These results can be contrasted with the 2-B(pin)-substituted allylic acetates 1a-e, which underwent attack at the benzylic position with high 30 regioselectivity (>90:10, Table 1 ). Additionally, a catalyst precursor from [Pd(allyl)Cl] 2 /4PPh 3 resulted in formation of the same allylic substitution product 3f with slightly diminished regioselectivity (17:83) in 87% yield (entry 3). The same reaction at 25 °C provided similar regioselectivity 16:84 in 87% 35 yield (entry 4). Unfortunately, no reaction occurred with sodium dimethylmalonate and 2-methyl-substituted allylic acetate 1h under the identical condition using Pd(OAc) 2 as a catalyst precursor, highlighting the impact on reactivity of an alkyl at the 2-position (Table 2, entry 5). In the presence of catalytic 40 [Pd(allyl)Cl] 2 /4PPh 3 and 3 equiv of NaCH(CO 2 Me) 2 in THF at 40 °C, however, the 2-methyl substrate 1h provided the allylic substitution product with regioselectivity of 63:37 favoring benzylic attack and forming predominantly regioisomer 2h (entry 6). While the Pd-catalyzed allylic substitution with 45 stabilized carbon nucleophiles is usually irreversible and under kinetic control, dialkyl malonates can act as leaving groups at higher temperature and longer reaction times and product formation can be under thermodynamic control. 38 To investigate this possibility, reaction of 1h at 40 and 70 °C with longer 50 reaction times did not result in significant changes in the regioselectivities (entries 7 and 8). Furthermore, control experiments showed that the reaction of the mixture of 2h and 3h (63:37) in the presence of catalytic [Pd(allyl)Cl] 2 /4PPh 3 and 3 equiv of NaCH(CO 2 Bn) 2 in THF at 40 °C or 70 °C led to recover 55 the same ratio of 2h and 3h without any detectable amount of corresponding substitution products from NaCH(CO 2 Bn) 2 . 39 The larger 2-n-butyl substituted allylic acetate 1i resulted in increased benzylic attack with regioselectivity of 81:19 of 2i:3i (entries 9 and 10). After observing a switch in regioselectivity upon 60 changing the size of substituent at the 2-position, we employed the larger 2-cyclohexyl group to further explore this trend. Substrate 1j underwent reaction with NaCH(CO 2 Me) 2 and catalyst generated from [Pd(allyl)Cl] 2 or Pd(OAc) 2 to afford predominantly product 2j via benzylic attack with 65 regioselectivities of 84:16 and 86:14, respectively (entries 11-13) . It is noteworthy that benzylic acetate 1j is more reactive with the Pd(OAc) 2 -based catalyst than aliphatic acetate 1h, which 10 did not react with this catalyst (as noted earlier). To investigate the impact of allylic acetate geometry on product distribution we inverted the geometry of the allylic acetate substrate from the (E)alkene to the (Z)-alkene. Unfortunately, (Z)-trisubstituted allylic acetate 1k exhibited no reaction under the same condition (entry 15 14). Apparently, the sterically more hindered (Z)-alkene does not allow the formation of allyl palladium intermediate. It is known that allylic carbonates are more reactive than their acetate counterparts by about 2 orders of magnitude. 40 Using more reactive allylic carbonate 1l led to only 5% isolated yield of the 20 allylic substitution product 2j with 83:17 regioselectivity (entry 15). Thus, regardless of (E)-or (Z)-geometry of the starting materials, the benzylic substitution products with (E)configuration were observed (entries 12 and 15). strongly supported a rapid isomerization of sterically hindered 1,2,3-trisubstitued allyl palladium intermediates before the nucleophilic addition step. It is noteworthy that the smaller 3ethyl substituted allylic acetate 1m provided allylic substitution products with 53:47 ratio (entries 16 and 17). The investigation 5 of the impact of size at the C-2 position revealed a tendency for the benzylic substitution product with increasing size of the C-2 substituent. Steric effects in organic chemistry can be quantified by a range of methods, from simple A-values of substituents to explicit 10 modeling. For the Tsuji-Trost reaction, steric influences on the activation barrier have been modeled using explicit probes. 17 More recently, Sigman and co-workers 41 demonstrated that selectivities in the Tsuji-Trost reaction can be reproduced using a linear correlation with Charton steric parameters. 42 We therefore 15 attempted a correlation between the Charton value of the 2substituents and the logarithm of the observed regioselectivity, as shown in Table 3 . Consideration of this steric parameter quantitatively revealed its strong linear free energy relationship in Figure 4 (slope Ψ = 1.70 and R 2 = 0.97), supporting our 20 contention that the effect we observed is due to steric effect. Our 
Figure 4. Plot of logarithm of ratio of regioisomers versus
Charton steric parameters of the C-2 substituents in the Pdcatalyzed allylic substitution reactions. 30 modeling studies indicate that the repulsion with the 2substituents has a strong influence on the relative importance of anti-and syn-configured (η 3 -allyl)palladium intermediates, and thus on the regioselectivity. 35
Palladium-Catalyzed 1,4-Elimination Reaction of 1,2,3-Trisubstituted Allylic Acetates.
The palladium-catalyzed elimination reaction of allylic acetates is a useful method to form 1,3-dienes. 43 Palladium(0) mediated ionization of allylic acetates 1 forms η 3 -allyl palladium(II) intermediates 5 (Scheme 3). Allyl 40 palladium(II) regenerates palladium(0) via anti-or synelimination to furnish 1,3-dienes 4. 44 Consistent with this proposed reaction pathway, we observed varying amounts of elimination byproducts ( 1 H NMR) in unpurified reaction mixtures with 2-n-butyl allylic acetate 1i and 2-cyclohexyl allylic acetates 45 1j ( Table 2, entries 9-13) . Under the same condition, the smaller 2-methyl allylic acetate 1h did not produce elimination byproducts ( 1 H NMR). Inspired by these observations, allylic acetates 1i and 1j were reexamined in the allylic substitution reaction and 1,3-dienes were isolated at 40 °C in 17 and 22% yield, respectively (Table 4 , entries 1 and 3). The ratios of dienes were determined by 1 H NMR spectroscopy of unpurified reaction mixtures and the 5 stereochemistry of the dienes was confirmed by comparison to similar known compounds. In the reactions above, the ratios of (Z,E) and (E,E) isomers were 24:76 for 4i and 85:15 for 4j. At 70 °C little change in the regioselectivity of allylic substitution products or ratio of (Z,E) to (E,E) elimination products were 10 observed. However, at 70 °C 1,3-dienes 4 were the major products. At 70 °C, 2-n-butyl allylic acetate 1i provided the allylic substitution product in 20% isolated yield with the same regioselectivity (81:19) .
The 1,4-elimination product was isolated in 67% yield with similar diene ratio to reaction at 40 °C 15 [(Z,E)-4i : (E,E)-4i = 27 : 73, Table 4 , entry 2]. The 2-cyclohexyl allylic acetate 1j resulted in formation of 15% of allylic substitution products and 70% yield of 1,4-elimination product also with a similar ratio of isomers [(Z,E)-4j : (E,E)-4j = 86:14, Table 4 , entry 4]. It is noteworthy that only two geometric 20 isomers of 1,3-dienes were observed among four possible isomers.
Very importantly, the observation of 1,2-(Z)-configured diene indicates the presence of a 1-anti-η 3 -allyl complex as a reactive intermediate. 44h Irrespective of the mechanism of elimination (E2 25 or β-hydride elimination), the (Z,E)-product can arises from an intermediate with the phenyl substituent in the anti-position of the (η 3 -allyl)Pd intermediate. This observation lends further support to our interpretation that anti-configured intermediates are important in the nucleophilic attack. The newly formed 30 double bond in 3,4-position can be formed from either intermediate, with a configuration controlled by preferred orientation of the 3,4 single bond in the intermediate. 45 Allylic strain would thus favor the 3,4-(E)-configuration of the diene products, in full agreement with our observations. 35
Summary and outlook
We have investigated the unusual regioselectivity of the palladium-catalyzed Tsuji-Trost allylic substitution reaction with 1,2,3-trisubstituted allylic substrates. With 1,3-unsymmetrically substituted 2-B(pin)-allylic acetates, the boryl group plays a 40 pivotal role in determining the regioselectivity of the allylic substitution reaction. The unsymmetrical 2-B(pin)-substituted allylic acetates show preference for nucleophilic attack at the benzylic site, which is opposite to the expected regioselectivity in Tsuji-Trost allylic substitution reactions with (η 3 -1-aryl-3-alkyl- 45 allyl)Pd intermediates. A computational study of the mechanism responsible for regioselectivity with cationic (η 3 -1-Ph-2-B(pin)-3-Me-allyl)Pd(PPh 3 ) 2 indicates that the unusual regioselectivity is controlled by the relative reactivity of the syn-and anti-oriented allylic termini. Through systematic studies involving variation of 50 the size of the C-2 substituent, we demonstrated that the bulkier the group at the 2-position of 1-aryl-2,3-disubstituted η 3 -allyl intermediates, the greater propensity for nucleophilic attack at the benzylic position. The use of Charton steric parameters led to a strong correlation between the size of the C-2 substituent and the 55 regioselectivity of nucleophilic attack at the corresponding η 3allyls.
Based on the working models garnered from computational and experimental studies, we attribute this selectivity to the repulsion between the 1-and 2-substituents, forcing the 1-aryl group into a reactive anti-position through 60 rapid syn-anti isomerization. Finally, palladium-catalyzed 1,4-elimination reactions of allylic acetates also support the presence of the anti-oriented allyl palladium intermediates.
These results contribute to our fundamental understanding of regioselectivity in allylic substitution reactions and will be useful in their predictive power in the application of this chemistry to synthesis.
